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PREFACE 
The Water Resources  Group o f  t h e  I I A S A  has  been engaged 
i n  v a r i o u s  r e s e a r c h  t a s k s ,  i n c l u d i n g  s h o r t - t e r m  f o r e c a s t i n g  
and c o n t r o l  problems i n  t h e  wa te r  r e s o u r c e s  f i e l d .  Cyclone 
motion f o r e c a s t i n g  was t h e  i n i t i a l  p a r t  of  t h i s  t a s k  t o  f u r t h e r  
t h e  e f f o r t  of s i m i l a r  t e c h n i c a l  a p p l i c a t i o n s  t o  c l i m a t o l o g i c a l ,  
h y d r o l o g i c a l  and wa te r  q u a l i t y  f o r e c a s t  and c o n t r o l .  
Th i s  i s  t h e  f i r s t  of a  two-part  r e p o r t .  Methodology and 
a  few exper iments  on typhoon f o r e c a s t i n g  a r e  p r e s e n t e d .  

ABSTRACT 
The Kalman f i l t e r i n g  t e c h n i q u e  was a p p l i e d  t o  t h e  problem 
o f  cyc lone  f o r e c a s t i n g .  T h i s  pape r  p r e s e n t s  t h e  methodology 
and t h e  p r e l i m i n a r y  r e s u l t s  o f  typhoon expe r imen t s .  F u r t h e r  
typhoon expe r imen t s  and h u r r i c a n e  expe r imen t s  w i l l  be  r e p o r t e d  
i n  a fo r thcoming  pape r .  
The pu rpose  o f  t h e  s t u d y  i s  t o  e s t a b l i s h  a methodology 
which w i l l  b e t t e r  u t i l i z e  e x i s t i n g  models.  I n  t h i s  p a p e r ,  t h e  
SFC.700 rnb model and SNT models ,  deve loped  r e s p e c t i v e l y  by 
D r .  Arakawa and t h e  J apan  M e t e o r o l o g i c a l  Agency, were  s e l e c t e d  
a s  examples o f  e x i s t i n g  models.  The c a s e  s t u d y  was conduc ted  
u s i n g  t h e  typhoon d a t a  obse rved  i n  August 1974. The r e s u l t s ,  
t h e  improvement o f  t h e  performance o f  o r i g i n a l  models ,  w e r e  
demons t ra ted  i n  t e r m s  o f  t h e  p e r c e n t  r e d u c t i o n  i n  p r e d i c t i o n  
e r r o r s  which appea red  t o  be  30% t o  50% on  an  a v e r a g e .  Improve- 
ment o f  t h e  24 hou r  f o r e c a s t  i s  r e c o a n i z e d  more t h a n  t h a t  o f  t h e  
12 hour  f o r e c a s t .  The Kalman f i l t e r  a p p l i c a t i o n  i s  conc luded  t o  
be  p romis ing  i n  t r o p i c a l  cyc lone  f o r e c a s t  probelms i n  t h e  s e n s e  
t h a t  it  improves t h e  performance o f  any models whose r e s i d u a l  
e r r o r s  a r e  c o r r e l a t e d .  
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I INTRODUCTION 
Cyclone motion f o r e c a s t i n g  h a s  l ong  been one o f  t h e  major 
s u b j e c t s  i n  meteorology.  I n s i g h t s ,  e x p e r i e n c e s ,  aerodynamical  
a n a l y s e s  and t h e i r  combina t ions  have been e x p l o r e d  and a p p l i e d .  
The cyc lone  s t u d i e d  i n  t h i s  paper  i s  a  t r o p i c a l  c y c l o n e ,  
i n c l u d i n g  t r o p i c a l  d e p r e s s i o n s  and s t o r m s ' ,  a l t h o u g h  t h e  b a s i c  
t e c h n i q u e s  employed a p p l y  t o  t h e  f o r e c a s t  nf motions o f  any 
cyc lones  and o t h e r  s i m i l a r  m e t e o r o l o g i c a l  phenomena. 
Among a  number o f  cyc lone  motion f o r e c a s t  models ,  t h e  
s t a t i s t i c a l  model p l a y s  a  v e r y  impor t an t  r o l e  amending t h e  
shor tcomings  of bo th  e m p i r i c a l  and p u r e l y  t h e o r e t i c a l  approaches .  
I t  is  w e l l  acknowledged t h a t  t h e  numer ica l  s o l u t i o n  t o  t h e  
aerodynamical  e q u a t i o n s  h a s  made a  s i g n i f i c a n t  improvement i n  
r e c e n t  y e a r s  i n  f o r e c a s t i n g  t h e  g e n e r a l  f lows  i n  t h e  a tmosphere  
b u t  does  n o t  and w i l l  n o t  g i v e  s a t i s f a c t o r y  f o r e c a s t s  f o r  cyc lone  
mot ions ,  a t  l e a s t  i n  t h e  n e a r  f u t u r e .  A f u r t h e r  knowledge o f  
dynamics o f  t h e  a tmosphere  and a  d e n s e r  and wide r  o b s e r v a t i o n  
network t o  o b t a i n  m e t e o r o l o g i c a l  d a t a  a r e  n e c e s s a r y .  I n  t h e  
meantime, improvement o f  t h e  s t a t i s t i c a l  models i s  o f  g r e a t  
impor tance .  
According t o  t h e  Japan  Meteo ro log ica l  Agency, t r o p i c a l  cyc lones  
a r e  c l a s s i f i e d  i n  t h e  f o l l o w i n g  f o u r  c a t e g o r i e s  depending on 
t h e  maximum v e l o c i t y  o f  winds i n  t h e  cyc lone  a r e a :  
1 .  T r o p i c a l  d e p r e s s i o n  
2 .  T r o p i c a l  s t o r m  
3. Seve re  t r o p i c a l  s t o r m  
17.2 m/sec o r  less 
( - 3 4 k t )  
4 .  Typhoon 32.7 m/sec o r  more , ( 6 4 k t - )  
O b j e c t i v e  
The o b j e c t i v e  o f  t h i s  paper  is  t o  demonst ra te  a  method 
t o  b e t t e r  u t l l i z e  t h e  ' e x i s t i n g '  s t a t i s t i c a l  cyc lone  motion 
f o r e c a s t  models. The cyclone  motion i n  t h i s  c o n t e x t  means 
t h e  advancing d i r e c t i o n  and speed o f  t h e  eye o f  a  t r o p i c a l  
cyc lone  a f t e r  i t s  format ion .  The f o r e c a s t i n g  t ime spans  a r e  
twelve  and twenty-four  hours .  I t  is n o t  in tended t o  c r e a t e  
any new s t a t i s t i c a l  models b u t  r a t h e r  in tended t o  d e v i s e  a  
b e t t e r  use  o f  a l r e a d y  e x i s t i n g  models. The s t a t i s t i c a l  models 
t o  be  used should  have a  s imple  l i n e a r  r e g r e s s i o n  form. 
Methodolosv 
Most, i f  n o t  a l l ,  s t a t i s t i c a l  models developed t h u s  f a r  
f o r  t r o p i c a l  cyc lones  have a  s imple  l i n e a r  r e g r e s s i o n  form which 
can  be r e p r e s e n t e d  by 
A = f  ( p e r s i s t e n c e  d a t a ,  c l i m a t o l o g i c a l  d a t a ,  
s y n o p t i c  d a t a )  
where A i s  a  p r e d i c t a n t ,  t h e  l o c a t i o n  o f  t h e  cyc lone  eye a t  t h e  
f o r e c a s t  t ime o r  t h e  d isp lacement  of  t h e  cyclone eye p e r  u n i t  
t ime i n t e r v a l  such a s  1 2  hours ,  2 4  hours ,  ..., 72 hours  and f  
i s  a  l i n e a r  f u n c t i o n .  P e r s i s t e n c e  d a t a  r e f e r  t o  t h e  l o c a t i o n  
and advancing d i r e c t i o n  o f  a  cyclone  a t  c u r r e n t  and p receed ing  
t imes .  The s i m p l e s t  model which i s  n o t  y e t  a  s t a t i s t i c a l  model 
u s e s  o n l y  t h e s e  d a t a ,  assuming t h a t  a  s torm w i l l  c o n t i n u e  t o  
move i n  t h e  d i r e c t i o n  and speed t h a t  it h a s  been moving a t .  The 
c l i m a t o l o g i c a l  d a t a  u s u a l l y  s t a n d  f o r  t h e  cyc lone  motion d a t a  
accumulated i n  t h e  p a s t .  These d a t a  a r e  used t o  de termine  t h e  
motion o f  a  cyc lone ,  assuming t h a t  it moves i n  t h e  same d i r e c -  
t i o n  and a t  t h e  same speed a s  o t h e r  cyc lones  moved which occur red  
d u r i n g  t h e  same month and i n  t h e  same l o c a t i o n .  These two 
1 
methods and t h e i r  combinat ions ,  o f t e n  denoted a s  (C + P ) ,  
sometimes g i v e  a s  a c c u r a t e  a  f o r e c a s t  a s  o t h e r  more s o p h i s t i c a t e d  
methods e s p e c i a l l y  f o r  cyc lones  i n  t h e  lower l a t i t u d e  a r e a .  
The s y n o p t i c  d a t a  r e f e r  t o  t h e  me teoro log ica l  d a t a  a t  and 
around a  cyclone ,  such a s  s u r f a c e  p r e s s u r e  d i s t r i b u t i o n ,  
geopotential height distribution and the distribution of 
their time rate of changes. The prognostic synoptic data are 
also used in practice, by obtaining the prognostic map through 
numerical simulation of dynamic equations. 
Although quite a variety of statistical models exist and 
their performances depend upon the application areas, seasons, 
and other geotopographical and meteorological factors, the 
choice of models to be worked on in this paper is insignificant 
as long as the model has a linear regression form. In fact, 
the performance of any model, good or bad, will be improved by 
a magnitude depending upon the characteristics of prediction 
errors of the original model. 
The technique used in this paper is the Kalman filter, 
which is a filtering technique used to obtain optimal estimates 
of state variables that can only be observed indirectly. The 
Kalman filter is nothing but a least square estimation technique, 
but possesses very important capabilities; namely, a non- 
stationary system can be dealt with in an adaptive way and the 
computational burden required is negligible. To illustrate 
what the Kalman filter does, consider a simple linear model 
having the form: 
where Y is a predictant at time t, xit is a predictor to be used t 
at time t, as ai is a corresponding coefficient. A regression 
equation of this type is usually used with fixed coefficients, 
thus the system is stationary. In reality, however, the governinq 
nature in meteorology is highly nonstationary and accordingly, 
the system seldom performs well if its structure is set constant. 
Even in a case where the real system can be approximated station- 
ary, its structure may be imprecisely known and the choice of 
predictors may be irrelevant. The nonlinearity part that can- 
not be incorporated with the form of a model described above and 
various uncertainties and errors are also involved both in the 
system structure and in the measurements. All of these factors 
lead to an irrelevant performance of the model. 
One o f  t h e  s i m p l e s t  ways t o  m i t i g a t e  s u c h  d i f f i c u l t i e s  
i s  t o  r e l a x  t h e  c o n s t r a i n t  on  t h e  c o n s t a n c y  o f  t h e  c o e f f i c i e n t s ,  
namely ,  t o  a l l o w  them t o  v a r y  w h i l e  l e a v i n g  t h e  s t r u c t u r e  o f  a  
model  f i x e d .  
I n  o r d e r  t o  p r o c e e d  w i t h  t h i s  l i n e  o f  t h o u g h t ,  one  c a n  
t r e a t  t h e  c o e f f i c i e n t s  a s  unknown s t a t e  v a r i a b l e s .  Then t h e  
Kalman f i l t e r i n g  t e c h n i q u e  c a n  b e  u s e d  t o  o b t a i n  t h e  b e s t  
e s t i m a t e s  o f  t h e  unknown v a r i a b l e s  i n  a n  a d a p t i v e  way r e s p o n d i n g  
t o  t h e  d i f f e r e n c e  o b s e r v e d  be tween  a  p r e d i c t e d  a n d  a n  o b s e r v e d  
v a l u e .  
The m o t i v a t i o n  which  i n i t i a t e d  t h i s  a n a l y s i s  l i e s  i n  t h e  
f a c t  t h a t  t h e  p e r f o r m a n c e  o f  a  f o r e c a s t  model d i f f e r s  f rom 
c y c l o n e  t o  c y c l o n e .  A model works s a t i s f a c t o r i l y  f o r  a  c y c l o n e  
or  a  p o r t i o n  o f  t h e  c y c l o n e  and  f o r  a n o t h e r ,  it d o e s  n o t .  T h i s  
phenomena seems q u i t e  n a t u r a l  b e c a u s e  e a c h  c y c l o n e  a t  any  p o i n t  
i n  t i m e  h a s  s p e c i f i c  i n n e r  and  s u r r o u n d i n g  p h y s i c a l  c h a r a c t e r i s -  
t i c s .  The c o n s t a n t  c o e f f i c i e n t  r e g r e s s i o n  model  c a n n o t  r e s p o n d  
t o  t i m e  v a r i a n t  p e c u l i a r i t i e s .  C o n s e q u e n t l y ,  t h e  f o r e c a s t  
e r r o r s  o f t e n  a p p e a r  i n  t h e  same d i r e c t i o n  o r  t h e  e r r o r s  show 
s e q u e n t i a l  c o r r e l a t i o n s .  Once some c o e f f i c i e n t s  i n  t h e  model  
a r e  s l i g h t l y  changed  i n  a c c o r d a n c e  w i t h  t h e  f o r e c a s t  e r r o r s  
o b s e r v e d ,  s u c h  s i m p l e  e r r o r s  must  d i s a p p e a r .  
11. SELECTION OF MODELS AND DATA REOUIREMENT 
S i n c e  t h e  a i m  o f  t h i s  s t u d y  i s  t h e  deve lopment  o f  a method 
t h r o u g h  which e x i s t i n g  models  c a n  b e  p u t  t o  b e t t e r  u s e ,  t h e  
o b j e c t  models  s h o u l d  b e  s e l e c t e d .  Such mode l s  s h o u l d  h a v e  a 
fo rm o f  s i m p l e  l i n e a r  r e g r e s s i o n ,  b u t  a l s o  p r e f e r a b l y  b e  i n  
c u r r e n t  p r a c t i c e  i n  c o m p e t e n t  m e t e o r o l o g i c a l  a g e n c i e s .  
C o n s i d e r i n g  t h e s e  c o n d i t i o n s ,  t h e  f o l l o w i n g  t h r e e  models  h a v e  
b e e n  s e l e c t e d :  
1 .  SFC.700 mb model  (Arakawa, 1963)  
2 .  SNT model (Nomoto, Takenaga & Hara ,  1973)  
3. NHC 72 model (NHC,  NOAA, 1972)  
The SFC.700 mb model b e l o n g s  t o  t h e  e a r l i e s t  g r o u p  o f  
s t a t i s t i c a l  f o r e c a s t  mode l s .  N e v e r t h e l e s s ,  i t s  p e r f o r m a n c e  i s  
n o t  i n f e r i o r  t o  o t h e r  l a t e r  and more s o p h i s t i c a t e d  models.  
The SNT ( S t a t i s t i c a l  and Numerical  f o r e c a s t i n g  Technique)  
model i s  p r e s e n t l y  i n  u s e  a s  a  p a r t  o f  t h e  comprehensive 
cyc lone  f o r e c a s t  management i n  t h e  J apan  M e t e o r o l o g i c a l  Agency. 
The major  d i f f e r e n c e  between t h e  SNT model and o t h e r s  i s  t h e  u se  
of p r o g n o s t i c  s y n o p t i c  f i e l d  d a t a  a s  p r e d i c t o r s .  The p r o g n o s t i c  
d a t a  a r e  o b t a i n e d  th rough  t h e  numer i ca l  s i m u l a t i o n  o f  a  
dynamical e q u a t i o n ,  i ndependen t ly  o f  t h e  s t a t i s t i c a l  model. 
Th i s  approach is new, hav ing  been deve loped  i n  t h e  p a s t  few 
y e a r s ,  b u t  it is c o n s i d e r e d  t o  be one o f  t h e  most p romis ing  
t e c h n i q u e s  a s  t h e  p r o g r e s s  o f  a  more a c c u r a t e  s o l u t i o n  o f  
dynamical e q u a t i o n s  is  expec ted  t o  be  f i r m  and c o n s t a n t .  The 
NHC 73 model, t h e  l a t e s t  f o r e c a s t  model i n  t h e  US ~ a t i o n a l  
Hur r i cane  C e n t e r ,  a l s o  t a k e s  t h i s  approach.  
The NHC 72 model (Neumann, Hope and Miller, 1972) i s  t h e  
l a t e s t  model among t h o s e  u s i n g  on ly  o b s e r v a t i o n  a n a l y s i s  d a t a .  
The o r i g i n a l  v e r s i o n  was deve loped  a s  t h e  NHC 67 model ( M i l l e r ,  
H i l l  and Chase,  1968) and r e v i s e d  t o  t h e  c u r r e n t  form a s  p a r t  
o f  t h e  NHC 72 model, which c o n s i s t s  o f  t h e  r e v i s e d  NHC 67 and 
t h e  s o - c a l l e d  CLIPER model. The reformed NHC 67 model i s  
r e f e r r e d  t o  s imp ly  a s  t h e  NHC 72 model i n  t h i s  pape r .  
A complete  d e s c r i p t i o n  o f  a  1 2  hour  f o r e c a s t  SFC.700 model 
and 24  hour  f o r e c a s t  SNT model, t h e  p r e d i c t o r s  and  t h e i r  
c o e f f i c i e n t s ,  i s  g iven  i n  Tab le s  1 and 2. The n e c e s s a r y  d a t a  
r e q u i r e d  t o  u s e  t h e s e  models a r e  obvious  from t h e  t a b l e s .  The 
d a t a  w e r e  s u p p l i e d  by t h e  J apan  M e t e o r o l o g i c a l  Agency and t h e  
US N a t i o n a l  H u r r i c a n e  C e n t e r .  Table  3 l i s t s  t h e  d a t a  used i n  
t h e  a n a l y s e s .  The l a r g e  amount o f  d a t a  was s e n t  from t h e s e  
a g e n c i e s  on magnet ic  t a p e s .  Only d a t a  1 were r e a d  from t h e  
typhoon t r u c k  map. 
A l l  t h e  models u se  t h e  moving c o o r d i n a t e  sys t em f i x e d  t o  
t h e  e y e  o f  a  c y c l o n e ,  which moves a s  t h e  cyc lone  moves (see 
F i g u r e s  1 and 2 ) .  T h e r e f o r e ,  i n  c a s e  t h e  d a t a  a r e  g i v e n  on 
g r i d  p o i n t s  f i x e d  on t h e  e a r t h ,  t h e  v a l u e s  c o r r e s p o n d i n g  t o  t h e  
g r i d  p o i n t s  on t h e  moving c o o r d i n a t e  a r e  de t e rmined  th rough  
r e c a l c u l a t i o n .  T h i s  p r o c e s s  n e c e s s i t a t e d  a n  i n t e r p o l a t i o n .  A 
s imp le  we igh ted  ave rage  was used f o r  t h i s  purpose  w i t h  w e i g h t s  
b e i n g  i n v e r s e  t o  t h e  d i s t a n c e .  F i g u r e  3 d e p i c t s  t h e  p rocedure .  
111. APPLICATION OF THE KALMAN FILTER 
B r i e f  Review o f  t h e  Theory 
The t e r m  ' f i l t e r i n g '  s t a n d s  f o r  a  p r o c e s s  computing an  
e s t i m a t e  of  a  s t a t e  v a r i a b l e  xk a t  t i m e  tk u s i n g  t h e  sequence 
o f  o b s e r v a t i o n s  up t o  t i m e  tk, i . e .  
Independent  v a r i a b l e  t assumes t h e  d i s c r e t e  t i m e s  to < t l  < t2 
< ... < tk < tk+l < ... . An e s t i m a t e  o f  xk u s i n g  z  ( 3  < tk-l 
i s  denoted  by 2 k l  j .  T h e r e f o r e ,  a  f i l t e r e d  e s t i m a t e  i s  P k l k l  
w h i l e  a  p r e d i c t e d  e s t i m a t e  i s  2 kl j '  j  < k  and a  smoothed 
e s t i m a t e  i s  2 k l  j 1  j 5 k. 
The d i s c r e t e  t i m e  Kalman f i l t e r i n g  t echn ique  used t o  
o b t a i n  t h e  o p t i m a l  e s t i m a t e  2 
k l k  
assumes t h e  system governed 
by t h e  fo l lowing  l i n e a r ,  v e c t o r  d i f f e r e n c e  e q u a t i o n  
The s t a t e  o f  t h e  sys tem a t  t i m e  tk i s  g iven  by t h e  ( n  x  1 )  v e c t o r  
xk. vk is  a  ( n  x  p )  s t o c h a s t i c  random v e c t o r ,  t h e  i n p u t  t o  t h e  
system a t  t i m e  tk. F(k ,k -1 )  i s  a  ( n  x  n )  s t a t e  t r a n s i t i o n  m a t r i x  
which r e l a t e s  t h e  s t a t e  a t  t i m e  tk-l t o  t h e  s t a t e  a t  t i m e  t k .  
G(k,  k-1) i s  a  ( n  x  p )  m a t r i x  t h a t  r e l a t e s  t h e  s t o c h a s t i c  i n p u t s  
a t  t i m e  tk-l t o  t h e  s t a t e  a t  t i m e  tk. The s t a t e s  o f  t h e  system 
a r e  assumed measurable  through o u t p u t  zk,  an (r  x  1 )  observa-  
t i o n  v e c t o r  a t  t i m e  tk which i s  l i n e a r l y  r e l a t e d  t o  t h e  s t a t e ,  
c o r r u p t e d  by an a d d i t i v e  n o i s e  wk, namely 
H(k)  is an ( r  x  n )  o b s e r v a t i o n  ma t r ix .  The (r  x  1 )  v e c t o r  w k  
is c a l l e d  an o b s e r v a t i o n  o r  measurement d i s t u r b a n c e .  The number 
o f  o b s e r v a t i o n s  r may be s m a l l e r  t h a n  t h e  number o f  s t a t e  
v a r i a b l e s  n. T h i s  assumption i s  q u i t e  r e a l i s t i c  and conven ien t  
f o r  a p p l i c a t i o n  s i n c e  o n l y  a  few measurements a r e  o f t e n  
a v a i l a b l e  f o r  t h e  sys tem i n v o l v i n g  many s t a t e s .  The s t a t i s t i c a l  
p r o p e r t i e s  o f  d i s t u r b a n c e  v e c t o r s  vk and wk a r e  assumed t o  be 
known a s  
E(vk)  = 0 
E ( v  vT) = Q ( k ) 6  
k  I k j 
E (wk) = 0 
E (w w T )  = R(k)  6 
k I k j 
E ( v  wT) = 0 f o r  a l l  k  and j 
k l  
where 6 is t h e  Kronecke r ' s  d e l t a .  S i n c e  t h e  s t a t i s t i c a l  
k  j 
p r o p e r t i e s  o f  v  and wk a r e  assumed t o  be f u l l y  r e p r e s e n t e d  k  
by t h e  means and c o v a r i e n c e s ,  t h e i r  d i s t r i b u t i o n s  a r e  n e c e s s a r i l y  
Gaussian.  I f  t h i s  i s  n o t  t h e  c a s e ,  a s  one might e x p e c t ,  t h e  
e s t i m a t e s  o b t a i n e d  th rough  t h e  Kalman f i l t e r  do  n o t  p o s s e s s  
t h e  v a r i o u s  conven ien t  p r o p e r t i e s  such a s  maximum l i k e l i h o o d  
e s t i m a t e s .  They w i l l  merely be  t h e  l e a s t  squa red  e s t i m a t e s .  
The govern ing  sys t em pa rame te r s  (FlG1H), shou ld  be a  p r i o r i  
known a t  each  t i m e ,  b u t  n o t  n e c e s s a r i l y  be  c o n s t a n t .  T h i s  
l a t t e r  p r o p e r t y  is one o f  t h e  most impor t an t  advan tages  o f  t h e  
Kalman f i l t e r  i n  c o n t r a s t  t o  t h e  Wiener f i l t e r  which a p p l i e s  
o n l y  t o  s t a t i o n a r y  p r o c e s s e s .  
The f o l l o w i n g  i s  a  b r i e f  s k e t c h  o f  t h e  s o l u t i o n  t o  t h e  
problem. Only t h e  g e n e r a l  concept  i s  d e s c r i b e d  i n  an 
i n t u i t i v e  f a s h i o n .  Suppose t h a t  one h a s  t h e  o b s e r v a t i o n  z  (k-1) 
a t  t h e  beg inn ing  o f  t i m e  tk and t h a t  one g e t s  t h e  o p t i m a l  
f i l t e r e d  e s t i m a t e  o f  x ~ - ~  a s  i [k - l lk - l .  The f i r s t  t a s k  i s  t o  
A 
o b t a i n  t h e  b e s t  e s t i m a t e  of  z k l  t h e  p r e d i c t e d  o b s e r v a t i o n .  
For  t h i s  pu rpose ,  e q u a t i o n  ( 2 )  s u g g e s t s  t h a t  t h e  e s t i m a t e  o f  
A 
xk be found. T h i s  can  be o b t a i n e d  through e q u a t i o n  ( I ) ,  by 
A 
s u b s t i t u t i n g  x ~ - ~  with Xk-l lk-1 and t a k i n g  t h e  e x p e c t a t i o n  
Vk. The e s t i m a t e  is  a  p r e d i c t e d  e s t i m a t e  2 klk-1 '  i . e .  
T h i s ,  i n  t u r n ,  g i v e s  t h e  o b s e r v a t i o n  p r e d i c t i o n  
With t h i s  f o r e c a s t  a t  hand,  one g e t s  a  new o b s e r v a t i o n  
Z k  a t  t h e  end o f  t i m e  tk. N a t u r a l l y ,  t h e  d i f f e r e n c e  between 
t h e  p r e d i c t e d  and t h e  observed  i s  r ecogn ized .  T h i s  d i f f e r e n c e  
i s  i m p o r t a n t  i n f o r m a t i o n  by which t h e  s t a t e  e s t i m a t e  can be 
A 
updated  from i?klk-l t o  xk 1 k t  which i s  t h e  second  t a s k .  I n  
o r d e r  t o  o b t a i n  t h e  b e s t  f i l t e r e d  e s t i m a t e  G k I k ,  t h e  Kalman 
f i l t e r  assumes t h e  r e l a t i o n  
where K(k)  is  an  ( n  x  r )  m a t r i x  c a l l e d  Kalman g a i n .  
A ( z k  - Z klk-1 ) is  a  p r e d i c t i o n  e r r o r ,  whose sequence i s  o f t e n  
r e f e r r e d  t o  a s  a n  i n n o v a t i o n  sequence.  The Kalman g a i n  i s  
determined  under  a  c r i t e r i o n  t o  minimize t h e  squa red  s t a t e  
e s t i m a t i o n  e r r o r ,  namely 
min A A 
I n  g e n e r a l ,  t h i s  c r i t e r i o n  i s  e q u i v a l e n t  t o  t h e  weighted  mean 
s q u a r e  e r r o r  c r i t e r i o n  such  t h a t  
min A A 
K(k)  f j ( x k  - x k k ) '  wk ( ~ k  - x k l k ) j  
where Wk i s  an  a r b i t r a r y  ( n  x  n )  p o s i t i v e  d e f i n i t e  s y m e t r i c  
m a t r i x .  I t  i s  o b v i o u s ,  t h e r e f o r e ,  t h a t  t h e  Kalman f i l t e r  i s  
n o t h i n g  b u t  a l e a s t  squa red  e s t i m a t e .  T h i s  c r i t e r i o n  i s  
A ( k )  
e q u i v a l e n t  t o  t h e  o r t h o g o n a l i t y  between (xk  - x k I k )  and z  . 
T h i s  s imp ly  i m p l i e s  t h a t  t h e  e s t i m a t e  
k l k  
i s  o p t i m a l  i f  and 
A 
o n l y  i f ,  i t s  e r r o r  ( x  - x k l k )  does  n o t  i n c l u d e  any p a r t  t h a t  
can  be  f u r t h e r  e x p l a i n e d  by t h e  i n f o r m a t i o n  o b t a i n e d  up t o  
t ime  tk. The comple te  s o l u t i o n  t o  t h e  problem is  a s  f o l l o w s  
lj i s  a  c o v a r i a n c e  m a t r i x  o f  s t a t e  e s t i m a t i o n  e r r o r  
A 
(x i  - xi 1 j )  i . e .  
B e s i d e s  t h e  s y s t e m  p a r a m e t e r s  F ( k , k - 1 )  , G(k ,k-1)  and  H ( k )  , and 
t h e  c o v a r i a n c e  s t r u c t u r e  o f  random v e c t o r s  Q ( k )  and  ~ ( k )  , t h e  
i n i t i a l  c o n d i t i o n s  2 0 10 and 10 a r e  a l s o  assumed t o  be  g i v e n .  
A p p l i c a t i o n  t o  Cyc lone  F o r e c a s t  Models 
The Kalman f i l t e r i n g  t e c h n i q u e  i s  a p p l i e d  t o  c y c l o n e  
f o r e c a s t  m ~ d e l s .  The p r o c e d u r e  i s  i l l u s t r a t e d  by u s i n g  t h e  
1 2  h o u r  l a t i t u d i n a l  p r e d i c t i o n  e q u a t i o n  o f  t h e  Arakawa's  
SFC.700 mb model a s  an  example .  I t  r e a d s  f rom T a b l e  1  
where 
'4'12, '4'0, '4'-12 a r e  t h e  l a t i t u d e  (0.1 d e g r e e  u n i t )  o f  
t h e  cyc lone  eye  a t  12 hour s  ahead,  
a t  c u r r e n t  t i m e ,  and a t  12 hour s  
p a s t ,  r e s p e c t i v e l y .  
H1 47 i s  700 m b  gph ( i n  meters) a t  g r i d  
p o i n t  147 a t  c u r r e n t  t i m e ,  and 
'2 6  is  s u r f a c e  p r e s s u r e  ( i n  mb) a t  g r i d  
p o i n t  26 a t  c u r r e n t  t i m e .  
The l o c a t i o n  of g r i d  p o i n t  r e l a t i v e  t o  t h e  cyc lone  eye  i s  
d e f i n e d  i n  F i g u r e  1.  I n  t h e  Kalman f i l t e r  a p p l i c a t i o n ,  t h e  
c o e f f i c i e n t s  o f  t h e  r e g r e s s i o n  model a r e  t r e a t e d  t i m e  v a r i a n t .  
To make t h i s  model compat ib le  w i t h  t h e  t h e o r y  d e s c r i b e d  i n  t h e  
p r e v i o u s  s e c t i o n ,  t h e  e q u a t i o n  i s  r e w r i t t e n  i n  t h e  f o l l o w i n g  
way : 
where v 1 2  i s  now t h e  r e a l  o b s e r v a t i o n  and w i s  t h e  o b s e r v a t i o n  
e r r o r .  Equat ion  (16)  i s  c o n s i d e r e d  t h e  measurement e q u a t i o n  
where 
zk = v12 i s  t h e  cyc lone  eye  p o s i t i o n  a t  t i m e  t k '  
H ( k ) = [ 1  '4' X 1 i s  t h e  o b s e r v a t i o n  m a t r i x  0  - 1 2 H 1 4 7  26 
a t  t i m e  tk composed o f  t h e  o b s e r v a t i o n s  o b t a i n e d  
a t  t i m e  tk-l.  
The ( 5  x  1 )  v e c t o r  xk i s  t h e  c o e f f i c i e n t  v e c t o r ,  now t r e a t e d  
a s  a  t i m e  v a r i a n t  s t a t e  v e c t o r ,  whose change i s  governed by t h e  
sys tem t r a n s i t i o n  e q u a t i o n  
The i n i t i a l  e s t i m a t e  o f  t h e  s t a t e  & 0 1  0 i s  r ega rded  a s  t h e  
g iven  c o e f f i c i e n t  v e c t o r ,  
The t r a n s i t i o n  m a t r i c e s  F and G can  be c o n s i d e r e d  i d e n t i t y  
m a t r i c e s  s i n c e  t h e  t r u e  t r a n s i t i o n  s t r u c t u r e  i s  unknown and 
t h e  changes a r e  supposedly  g r a d u a l .  I f  t h e  p r o c e s s  i s  c o n s i -  
d e r e d  f i r s t  o r d e r  Markovian, F  c o u l d  be c a l c u l a t e d  from c o r r e l a -  
t i o n  m a t r i c e s  such t h a t  
T h i s  approach  i s ,  however, u n f e a s i b l e  h e r e  f o r  t h e  d e t e r m i n a t i o n  
o f  F s i n c e  t h e  sample s t a t e s  a r e  n o t  a v a i l a b l e .  
The q u e s t i o n  l e f t  i s  t h e  s t a t i s t i c a l  s t r u c t u r e  o f  d i s t u r -  
bance  sequences  v  and wk. I n  t h e o r y ,  t h e y  shou ld  be z e r o  k  
mean w h i t e  sequences .  The assumption o f  z e r o  mean may b e  
r e a s o n a b l e  s i n c e  t h e  o r i g i n a l  model (15)  i s  a l r e a d y  i n  good 
approximat ion .  On t h e  o t h e r  hand,  t h e  d i s t u r b a n c e  sequences  
a r e  q u i t e  l i k e l y  t o  be s e q u e n t i a l l y  c o r r e l a t e d .  T h i s  i s  
obvious  from t h e  f a c t  t h a t  t h e  f o r e c a s t s  o f  t h e  o r i g i n a l  model 
are o f t e n  b i a s e d  t o  t h e  same d i r e c t i o n  f o r  c o n s e c u t i v e  p e r i o d s ,  
as mentioned i n  t h e  s e c t i o n  on Methodology. T h i s  d i f f i c u l t y  
a l o n g  w i t h  t h e  problem o f  unknown c o v a r i a n c e s  Q and R a r e  
c o n s i d e r e d  i n  t h e  n e x t  s e c t i o n .  
Shaping F i l t e r  and Adapt ive  F i l t e r  
A l i n e a r  dynamical system whose o u t p u t  uk h a s  z e r o  mean and 
c o v a r i a n c e  m a t r i x  D j k ,  when t h e  i n p u t l l k  is  a  z e r o  mean w h i t e  
n o i s e ,  i s  c a l l e d  a  ' s h a p i n g  f i l t e r ' .  T h i s  f i l t e r  can  be  used 
a s  a  c o n v e r t e r  from a  c o l o r e d  sequence t o  a  w h i t e  sequence .  
Cons ide r  l i n e a r  d i f f e r e n t i a l  dynamical  systems 
where ek and  wk a r e  z e r o  mean w h i t e  n o i s e  p r o c e s s e s  hav ing  
t h e  c o v a r i a n c e  Q e and R (k  '-"(k) ' The d imens ions  o f  v e c t o r s  
and O k  are t h e  same a s  t h o s e  o f  vk and wk,  r e s p e c t i v e l y .  k 
The t r a n s i t i o n  m a t r i c e s  W i ( k , k - 1 )  ' s  have  t o  be de t e rmined  s o  
t h a t  t h e  c o v a r i a n c e  s t r u c t u r e  of  vk and wk a r e  p r e s e r v e d .  
S i m i l a r l y  t o  t h e  t r a n s i t i o n  m a t r i c e s  o f  F and G ,  however, W ' s  
canno t  be a n a l y t i c a l l y  de te rmined  i n  t h e  c y c l o n e  problem. 
They a r e  a l l  assumed i d e n t i t y  m a t r i c e s  h e r e ,  s i n c e  t h e  sequen- 
t i a l  c o r r e l a t i o n s  o f  vk and w a r e  l i k e l y  t o  be  v e r y  h igh  and k 
t h e i r  changes  g r a d u a l .  
Now t h e  s h a p i n g  f i l t e r  deve loped  and t h e  o r i g i n a l  formula- 
t i o n  (17 )  and ( 1 8 )  s h o u l d  b e  combined. The t h r e e  s t a t e  t r a n s i -  
t i o n  sys t ems  (18 )  , (21 )  and (22)  
c a n  be  r e w r i t t e n  a s  
The o b s e r v a t i o n  e q u a t i o n  ( 17) becomes 
Redef in ing  t h e  v e c t o r s  and m a t r i c e s  a s  
t h e  e q u a t i o n  (23 )  and (24 )  r e t u r n s  t o  a  s i m p l e  form 
The d imens ions  of  0  and I a r e  o m i t t e d  b u t  shou ld  be obv ious .  
I t  i s  wor th  n o t i n g  t h a t  t h e  o b s e r v a t i o n  e q u a t i o n  does  n o t  have 
any e x p l i c i t  n o i s e  t e r m s .  They a r e  now imbedded i n  t h e  s t a t e  
e q u a t i o n s .  The c o v a r i a n c e  o f  t h e  z e r o  mean w h i t e  n o i s e  sequence  
v  i s ,  a s  a l r e a d y  d e f i n e d  k  
The c o r r e s p o n d i n g  Kalman f i l t e r  s o l u t i o n  i s  e x a c t l y  t h e  same 
a s  t h o s e  g i v e n  i n  t h e  p r e v i o u s  s e c t i o n  w i t h  R(k )  b e i n g  a  z e r o  
2  m a t r i x  . 
The o n l y  q u e s t i o n  r ema in ing  now is  t h e  d e t e r m i n a t i o n  o f  
unknown n o i s e  c o v a r i a n c e  Q ( k ) ,  which i s  h u r i s t i c a l l y  t r e a t e d  
i n  t h i s  a n a l y s i s  based  on  t h e  f o l l o w i n g  f a c t s .  The Kalman 
f i l t e r  i s  a  l i n e a r  f i l t e r  a p p l i c a b l e  t o  n o n s t a t i o n a r y  p r o c e s s e s .  
N o n s t a t i o n a r y  p r o c e s s  h a s ,  by d e f i n i t i o n ,  t i m e  v a r i a n t  s t a t i s -  
t i c a l  p r o p e r t i e s .  I n  f a c t ,  t h e  c o v a r i a n c e  o f  d i s t u r b a n c e  
sequence  vk i s  d e f i n e d  a s  Q ( k )  which i s  a  f u n c t i o n  o f  t i m e .  
T h i s  m a t r i x ,  however,  canno t  be de t e rmined  a  p r i o r i  u n l e s s  t h e  
p h y s i c a l  p r o c e s s  i n v o l v e d  i s  s t a t i s t i c a l l y  known o r  some p r e d i c -  
t i o n  p r o c e d u r e  f o r  e r r o r  c o v a r i a n c e s  a v a i l a b l e .  I n  t h e  c y c l o n e  
problem, n e i t h e r  is  t h e  case. I n s t e a d  o f  p r e d i c t i o n ,  however, 
t h e  u p d a t i n g  p r o c e d u r e  is a v a i l a b l e ,  which i s  c a l l e d  an  
' a d a p t i v e  f i l t e r ' .  An a d a p t i v e  f i l t e r  u p d a t e s  t h e  unknown 
p a r a m e t e r s  o f  t h e  sys t em d u r i n g  t h e  o p e r a t i o n  o f  a  model,  u s i n g  
2 ,  The c o n d i t i o n  R(k )  = 0  i m p l i e s  H(k )  . T Pk l k  . H ( k )  = 0  
which c o u l d  l e a d  t o  some c o m p u t a t i o n a l  d i f f i d u l t y ,  and can  be  
avo ided  by t h e  method d e s c r i b e d  i n  ( J a z w i n s k i ,  1970. p . 2 1 3 ) .  
T h i s  d i f f i c u l t y  was,  however,  n o t  encoun te red  i n  t h i s  c y c l o n e  
a n a l y s i s .  
t h e  p r e d i c t e d  measurement e r r o r s  a s  new in fo rmat ion .  
The v a r i o u s  t echn iques  of a d a p t i v e  f i l t e r s  a r e  a v a i l a b l e  
(Mehr, 1972) .  Among them i s  one t h a t  has  p r a c t i c a l  computa- 
t i o n a l  f e a s a b i l i t y  and i s  based on t h e  s o - c a l l e d  ' i n n o v a t i o n  
sequencev d e f i n e d  a s  {vkl  such t h a t  
It  can be shown t h a t  i f  t h e  op t ima l  f i l t e r  i s  used f o r  t h e  
e s t i m a t i o n  of $ 
kt 
wi th  r e s p e c t  t o  t h e  l e a s t  squared  e r r o r  
c r i t e r i o n ,  t h e  innova t ion  sequence should be a zero  mean whi te  
n o i s e  sequence ( K a i l a t h ,  1968) .  I f  i n  r e a l i t y  t h e  innova t ion  
sequence i s  found t o  be c o r r e l a t e d ,  t h e  f i l t e r  used must be 
suboptimal  r a t h e r  t h a n  optimal .  Th i s  f a c t ,  i n  t u r n ,  can be 
used t o  improve t h e  f i l t e r  and t h e  e s t i m a t e s  of e r r o r  covar iance  
m a t r i c e s  Q and R. 
Two d i f f i c u l t i e s  a r e  involved i n  t h i s  l i n e  of development. 
One i s  t h a t  a number o f  vk o b s e r v a t i o n s  a r e  necessa ry  t o  
o b t a i n  a r easonab le  c o r r e l a t i o n  covar iance  of  vk sequence, 
whi le  i n  a cyclone  case  more t h a n  t e n  v k l s  a r e  seldom a v a i l a b l e .  
The o t h e r  d i f f i c u l t y  is  more profound, t h a t  i s ,  most of 
t h e  t h e o r i e s  c u r r e n t l y  a v a i l a b l e  d e a l  wi th  t h e  t ime v a r i a n t  
system. The system can be parameter ized  a s  (F,G,H) where i n  
t h i s  paper t h e  obse rva t ion  mat r ix  H v a r i e s  over  t ime.  An 
example o f  a theory  d e a l i n g  wi th  a t ime v a r i a n t  c a s e  is  i n  
Jazwinski ,  (1970, p . 3 1 1 ) ,  whose performance i s  d o u b t f u l  when 
t h e  number o f  s t a g e s  o f  f o r e c a s t  i s  l i m i t e d  a s  i n  t h e  cyclone  
problem. 
Considering such c i rcumstances ,  t h e  fo l lowing simple 
procedure i s  used i n  t h i s  a n a l y s i s  where t h e  covar iance  
s t r u c t u r e  i s  cons idered  t ime i n v a r i a n t .  F i r s t ,  a r b i t r a r y  b u t  
i n t u i t i v e l y  reasonab le  covar iance  m a t r i c e s  a r e  assumed, t h a t  i s  
~i 
where x 
0 10 
is the i-th component of the initial estimate of 
vector xo, given equation (19), a and B are the scalar para- 
A 
meters to be optimized. The mean value of (zk - zk/k-l ) is an 
unknown a priori but the prediction accuracy of the original 
model is used as a rough estimate. The choice of these parti- 
cular forms is based on the assumption that the variance of a 
variable should roughly be proportional to the magnitude of 
the value of the variable; namely, the variance of a variable 
having a large absolute value is quite likely larger than that 
of having a small absolute value. This assumption does not 
hold in general, but must be reasonable under various practical 
situations. Note that the covariance of wk is set not propor- 
tional to zk, but to its estimate error since the error 
magnitude is roughly known while the estimate error of xk is 
completely unknown before the calculation. 
The next task is to optimize the parameter a and B, which 
is performed under the criterion 
where N is the number of prediction cases. Once an optimal 
set of a and B are obtained by considering several cyclones, 
they are set constant for other cyclones. 
The last problem is to determine the initial estimate of 
POIO. the error covariance of state variables. Since the 
Kalman filter solution ( 8 )  and (13) includes the updating of 
Pklk, the accuracy of its initial value is less important 
than Q (and R ) .  A similar assumption as applied to equations 
(33) and (34) is used for this matrix, too; that is 
where 
About t h e  magni tude  o f  p a r a m e t e r s  a ,  B ,  y , ,  y2 and y3 ,  t h e  
e q u a t i o n s  (171 ,  ( 1 8 ) ,  ( 21 )  and (25)  s u g g e s t  t h a t  t h e  f o l l o w i n g  
r e l a t i o n  may q u i t e  l i k e l y  h o l d  
I t  i s  s imp ly  because  yl and y  a r e  t h e  c o e f f i c i e n t s  o f  t h e  3  
e r r o r  c o v a r i e n c e  o f  xk and z k ,  w h i l e  t h e  o t h e r s  a r e  t h e  
c o e f f i c i e n t s  o f  t h e  e r r o r  c o v a r i a n c e s  o f  n o i s e s  a t t a c h e d  t o  
xk and zk.  F i n a l l y ,  it s h o u l d  b e  n o t e d  t h a t  a l l  t h e  e r r o r  
c o v a r i a n c e s  a r e  assumed d i a g o n a l  m a t r i c e s ,  s i n c e  t h e  c r o s s  
c o r r e l a t i o n s  o f  s t a t e  v a r i a b l e s  and t h e i r  n o i s e s  a r e  a b s o l u t e l y  
unknown and q u i t e  l i k e l y  s m a l l e r  i n  magni tude  t h a n  t h o s e  o f  
v a r i a n c e s .  
R e t u r n i n g  t o  t h e  o r i g i n a l  s h a p i n g  f i l t e r  f o r m u l a t i o n  (21 )  
and ( 2 2 ) ,  o n e  c a n  c o n c e i v e  o f  s i m p l e r  c a s e s  where t h e  o b s e r v a t i o n  
d i s t u r b a n c e s  a r e  n o t  c o r r e l a t e d  w h i l e  t h e  sy s t em d i s t u r b a n c e s  a r e .  
This situation may occur in the cyclone forecast when the 
highly correlated prediction errors of the original model 
are mostly due to the fixed coefficients and not due to the 
correlated observation errors. In this case, the shaping 
filter to the observation disturbance (22) can be omitted, 
resulting in the corresponding system and measurement equations: 
Redefining the vectors and matrices as 
(39) and (40) become 
which a r e  i d e n t i c a l  t o  t h e  o r i g i n a l  forms ( 1 )  and ( 2 )  . The 
e r r o r  c o v a r i a n c e s  a r e  now assumed 
where Q e ,  Rv,  PI and  P2 a r e  g iven  i n  ( 3 4 ) ,  (35)  and (37 )  . I n  
t h e s e  c o v a r i a n c e  m a t r i c e s  t h e  number of  unknown pa rame te r s  a r e  
f o u r ,  i . e .  a ,  8 ,  y1 and y2. A cor re spond ing  f o r e s e e a b l e  
r e l a t i o n  (38 )  becomes 
The model r e p r e s e n t e d  by (39)  and (40)  w i l l  b e  r e f e r r e d  t o  a s  
t h e  f i l t e r e d  model A,  w h i l e  t h e  model r e p r e s e n t e d  by (23)  and 
(24)  i s  r e f e r r e d  t o  a s  t h e  f i l t e r e d  model B .  
I V .  PRELIMINARY COMPUTATIONAL RESULTS 3, 
Computat ional  Procedure  
The pu rpose  o f  t h e  computa t iona l  expe r imen t s  i s  t o  demon- 
s t r a t e  t h e  f e a s i b i l i t y  o f  f i l t e r e d  models and t h e i r  performances 
and n o t  n e c e s s a r i l y  t o  e s t a b l i s h  an o p e r a t i o n a l  program ready  
f o r  implementa t ion .  The number o f  c a s e s  used f o r  experimenta-  
t i o n  a r e ,  t h e r e f o r e ,  l i m i t e d  t o  t h e  l e a s t  s a t i s f a c t o r y  amounts. 
The o p t i m i z a t i o n  of  pa rame te r s  i s  a l s o  under taken  o n l y  t o  a  
c rude  e x t e n t .  
The typhoon d a t a  examined a r e  o n l y  t h o s e  which occur red  
i n  August 1974. During t h i s  month, f i v e  typhoons occur red .  
Typhoon No.14 (TYPH7414) l a s t e d  15 days  and o t h e r s  o n l y  two t o  
3, Based o n l y  on t h e  typhoons which o c c u r r e d  i n  August 1974. 
R e s u l t s  based  on more d a t a  w i l l  b e  r e p o r t e d  i n  t h e  f o r t h -  
coming pape r .  
f i v e  days .  The amount of  d a t a  a r e  t h u s  ve ry  u n s a t i s f a c t o r y ,  
b u t  n e v e r t h e l e s s  t h e y  a r e  enough t o  withdraw t h e  b a s i c  i n f o r m a t i o n  
n e c e s s a r y  t o  make a p r e l i m i n a r y  e v a l u a t i o n  of  t h e  models 
developed i n  t h i s  paper .  
Regarding t h e  o p t i m i z a t i o n  of  e r r o r  c o v a r i a n c e  p a r a m e t e r s ,  
(a, B ,  y l ,  y2 )  f o r  f i l t e r e d  model A and ( a ,  8 ,  y l ,  y 2 ,  y3)  
f o r  f i l t e r e d  model B ,  t h e  fo l lowing  s t r a t e g y  was t a k e n :  
1 .  To an e s t i m a t i o n  o f  mean ( z k  - z kl k-1 ) , 0.8 deg ree  i s  
used r e g a r d l e s s  o f  t h e  f o r e c a s k  models. T h i s  v a l u e  i s  t h e  
1 2  hour  p r e d i c t i o n  e r r o r  a s s o c i a t e d  w i t h  t h e  s imple  p e r s i s t e n c e  
method r e p o r t e d  i n  t h e  Typhoon F o r e c a s t  Manual ( Japan  Weather 
A s s o c i a t i o n ,  1974, p .76 ,  Table  4 . 1 . 2 ) .  But it i s  used f o r  a l l  
models s i n c e  t h i s  v a l u e  i s  s imply  a  no rma l i z ing  f a c t o r  t o  v a l u e  
B and i t s  c h o i c e  does  n o t  have any s u b s t a n t i a l  e f f e c t  on t h e  
model performance a s  long  a s  i s  chosen p r o p e r l y .  
2 .  The pa rame te r  o p t i m i z a t i o n  was under taken  through 
random sampl ing  wi th  i n t u i t i v e  judgement. The f o r e s e e a b l e  
r e l a t i o n s h i p s  among pa rame te r s ,  (46 )  f o r  f i l t e r e d  model A and 
(38)  f o r  f i l t e r e d  model B were n o t  n e c e s s a r i l y  s t r i c t l y  
c o n s i d e r e d ,  s i n c e  t h e  examinat ion  o f  t h e  v a l i d i t y  of t h e s e  
r e l a t i o n s  were a l s o  i n  q u e s t i o n .  
3. Although t h e  c r i t e r i o n  is  fo rma l ly  expres sed  a s  
t h i s  i s  n o t  o p e r a t i o n a l  s i n c e  a l l  p o s s i b l e  combina t ions  o f  
a ,  B ,  y  can  by no means be  examined. 
I n s t e a d ,  a  c r u d e  s t o p p i n g  r u l e  was used ,  t h a t  i s ,  t h e  
o p t i m i z a t i o n  p rocedure  t e r m i n a t e s  when t h e  f i r s t  s a t i s f a c t o r y  
r e s u l t s  a r e  encountered .  The s a t i s f a c t o r y  l e v e l  i s ,  o f  c o u r s e ,  
very  s u b j e c t i v e ,  b u t  n e v e r t h e l e s s ,  t h i s  approach i s  c o n s i d e r e d  
r e a s o n a b l e  i n  t h e  l i g h t  o f  t h e  purpose  o f  t h i s  pape r .  For 
p r a c t i c a l  u s e ,  a  f u r t h e r  d e t a i l e d  s e a r c h  o f  b e t t e r  pa rame te r s  
may be  n e c e s s a r y .  
4 .  The parameter  o p t i m i z a t i o n  was conducted  o n l y  f o r  t h e  
d a t a  o f  TYPH7414. The o t h e r  d a t a  a r e  used a s  independent  
c a s e s .  The TYPH7414 was s e l e c t e d  because it had t h e  l o n g e s t  
duration of all the typhoons and its behaviour was complex 
enough ('as seen in Figure 4) to be a good representative of 
other typhoons. 
Results and Evaluation 
The first series of results are those pertaining to the 
parameter optimization, or the model calibration. Table 4 
lists the 'optimal' parameters and corresponding forecasts. 
This optimality is by no means the real optimality due to the 
limited number of trials. One immediately notices that the 
forecast improvement of 12 hours SFC.700 model for  latitude) 
is minus, meaning worse than the original model. For this 
particular model, many combinations of parameters were 
examined, yet better parameters were not found except for a 
set of parameters which leads to the filtered model identical 
to the original model, that is, a = 0 (and 6 = 0 in model B ) ,  
or Q = 0, implying no system error. The case of Q = 0 was not 
considered as optimal since it did not use Kalman filter 
algorism at all, although in practice the condition Q = 0 may 
be more preferable than the parameters listed in Table 4. 
A careful examination of the performance of the filtered 
model reveals the fact that when the original model has large 
prediction errors, the filtered model works very well. For 
instance, 12 hours SFC.700 model for X (longitude) has original 
mean absolute error 1.68 degree while that for P has 0.7 degree 
and the improvement in X is remarkable. The same applies to 
24 hours SNT model. The P model has the error 3.27 degree while 
the A model has 1.82 degree, and the improvement in (p is much 
larger than in A .  The question is then why. In Table 5, a 
comparison of observations and predictions by the SFC.700 and 
the filtered model A, gives a clue. A surprising difference 
can be seen in the predictions of the original models for X an,d 
co, that is, all the X errors have minus signs or the constant 
bias to the east side, while the P errors have both signs. This 
implies that the X errors are highly correlated while the 
errors are not. It may also be correct to say that the c~ errors 
a r e  c l o s e r  t o  t h e  w h i t e  sequences t h a n  t h e  P e r r o r s .  When 
t h e  r e s i d u a l  e r r o r s  a r e  w h i t e ,  it i s  d i f f i c u l t  t o  improve 
t h e  model by any u p d a t i n g  p rocedure  based  on p a s t  h i s t o r i e s .  
The Kalman f i l t e r  i s  by no means an  e x c e p t i o n .  I n  f a c t ,  t h e  
r e s i d u a l  e r r o r s  o f  t h e  f i l t e r e d  model show quas i -wh i t eness .  
Even i f  a  s m a l l  d e c l i n e  ( a  minus improvement) i s  o b t a i n e d  
i n  t h e  p r e d i c t i o n s  whose o r i g i n a l  e r r o r s  a r e  s m a l l ,  however, 
t h e  o v e r a l l  p r e d i c t i o n  i n  t e r m s  of  v e c t o r  e r r o r  w i l l  n o t  be  
h e a v i l y  a f f e c t e d .  Because t h e  improvement i n  t h e  p r e d i c t i o n s  
whose o r i g i n a l  e r r o r s  a r e  l a r g e  i s  much l a r g e r  t h a n  j u s t  t o  
compensate i t s  p a r t n e r ' s  d e c l i n e .  The v e c t o r  e r r o r s  are 
reduced  by 30% and 4 5 %  i n  12 h o u r s  and 24 hour s  r e s p e c t i v e l y .  
Such r e d u c t i o n  i s  c e r t a i n l y  s u b s t a n t i a l .  
T h i s  o v e r a l l  improvement i s  more obv ious  i n  F i g u r e s  4  and 
5 which show on ly  t h e  model A r e s u l t s .  The f i l t e r e d  model i s  
c o n s i d e r e d  p r a c t i c a l  s i n c e  i n  a  wandering p a r t  of t h e  cyc lone  
t r a c k ,  from t h e  20th t o  23rd August,  t h e  f o r e c a s t  e r r o r s  by 
f i l t e r e d  model a r e  c o n s i d e r a b l y  s m a l l e r  t h a n  t h o s e  by t h e  
o r i g i n a l  model. T h i s  p a r t  i s  t h e  most d i f f i c u l t  p a r t  i n  
p r a c t i c a l  f o r e c a s t i n g .  
With r e s p e c t  t o  t h e  d i f f e r e n c e  between f i l t e r e d  models A 
and B ,  no s i g n i f i c a n t  d i f f e r e n c e s  can be observed .  The sma l l  
d i f f e r e n c e  may be a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  t h e  e x t e n t  
o f  pa rame te r  o p t i m i z a t i o n .  I t  i s ,  however, t o o  soon t o  
conc lude  t h a t  t h e  measurement d i s t u r b a n c e s  a r e  independent .  
The f i l t e r e d  model B i s  s imply  i n c a p a b l e  o f  t a k i n g  away t h e  
v a r i o u s  e r r o r s  i nvo lved  i n  t h e  o r i g i n a l  model. Such e r r o r s  
i n c l u d e  t h e  n o n - l i n e a r i t y  o f  t h e  cyc lone  behav iour  and t h e  
t i m e  v a r i a n t  n a t u r e  o f  e r r o r  c o v a r i a n c e s  and t h e  model s t r u c -  
t u r e .  Because model A i s  s u p e r i o r  t o  B i n  per thimony ( f ewer  
number o f  p a r a m e t e r s ) ,  o n l y  model A w i l l  b e  used from now on. 
The s e n s i t i v i t y  o f  c o v a r i a n c e  pa rame te r s  i s  found t o  be  q u i t e  
h igh .  To i l l u s t r a t e  pa rame te r  e f f e c t s  on t h e  f o r e c a s t ,  o n l y  
t h e  examples from t h e  12 h o u r s  SFC.700 th rough  f i l t e r e d  model 
A a r e  l i s t e d  i n  T a b l e  6 .  From t h i s  t a b l e ,  one  n o t i c e s  t h a t  
t h e  r e l a t i o n  y l  > a (and  y3 > B i n  model B) h o l d s ,  b u t  a - k2 
i s  n o t  n e c e s s a r i l y  t r u e .  T h i s  may be a t t r i b u t e d  t o  t h e  d i f f e r e n t  
s e n s i t i v i t i e s  of v a r i o u s  e l emen t s  i n  c o v a r i a n c e  m a t r i c e s ,  o f  
which one h a s  h i g h e r  i n f l u e n c e  t o  t h e  f o r e c a s t  t h a n  o t h e r s .  
I n  t h i s  c a s e  t h e  parameter  a t t a c h e d  t o  t h i s  p a r t i c u l a r  e lement  
becomes more i m p o r t a n t  t h a n  t o  o t h e r s ,  and t h e  r e l a t i o n  a - y 2  
may n o t  ho ld  s i n c e  t h e  most i m p o r t a n t  e l emen t s  i n  two m a t r i c e s  
do n o t  n e c e s s a r i l y  c o i n c i d e .  
The op t imized  pa rame te r s  have q u i t e  i n t e r e s t i n g  matches 
i n  d i f f e r e n t  models,  t h a t  i s ,  a i s  always 0.001 and 6 i s  3.0.  
Although t h e s e  v a l u e s  a r e  n o t  q u i t e  o p t i m a l  and  a c c o r d i n g l y  t h e  
c r e d i b i l i t y  o f  t h i s  match i s  n o t  s o  h i g h ,  s t i l l  t h i s  f a c t  
i m p l i e s  t h a t  t h e  e r r o r  c o v a r i a n c e s  o f  systems n o i s e s  and 
measurement n o i s e s  a r e  s i m i l a r  i n  magni tudes  i n  t h e  f o u r  models.  
Only t h e  goodness  o f  i n i t i a l  e s t i m a t e s  o f  t h e  s t a t e s ,  P o l o  i s  
d i f f e r e n t .  I t  may n o t  be  t r u e ,  however, f o r  t h e  p r e d i c t i o n  
models of  even l o n g e r  p e r i o d s ,  such  a s  48 hours  o r  72 h o u r s .  
The second series of  r e s u l t s  a r e  t h o s e  f o r  t h e  independent  
c a s e s  which a r e  n o t  used f o r  parameter  d e t e r m i n a t i o n .  Unfortu- 
n a t e l y ,  t h e r e  i s  n o t  enough d a t a  y e t  t o  be  examined. Only f o u r  
o t h e r  s h o r t  p e r i o d  typhoons a r e  examined. They a r e  TYPH 13 ,  15 
16 and 17. A s  a t o t a l ,  34 12 hour  f o r e c a s t s  and 10 24 hour  
f o r e c a s t s  a r e  made. Tab le s  7  and 8 l i s t  t h e  summary o f  t h e  
r e s u l t s .  
I n  t h e  12 hour  f o r e c a s t s  by SFC.700 model, X e r r o r  i s  
o r i g i n a l l y  1 . 5  d e g r e e s  and v e r r o r  i s  a 0.7 d e g r e e .  T h e r e f o r e ,  
t h e  worse model A was improved by 29.96 whereas t h e r e  was an 
improvement o f  o n l y  1 %  i n  t h e  b e t t e r  model v. The c a s e  o f  
TYPH15 shows a  l a r g e  d e c l i n e  i n  t h e  p r e d i c t i o n  b u t  it shou ld  
be  c o n s i d e r e d  a s  a  sample v a r i a t i o n .  Only t h e  t o t a l  mean o f  
t h i s  s m a l l  se t  o f  35 f o r e c a s t s  h a s  s i g n i f i c a n c e  i f  any a t  a l l .  
I n  t h i s  s e n s e ,  t h e  improvement i n  v e c t o r  e r r o r  i s  more r e a l i s t i c  
measure ,  which shows a  remarkable  improvement of  31%. I n  r e a l  
d i s t a n c e  t h i s  s t a n d s  f o r  t h e  v e c t o r  e r r o r  r e d u c t i o n  from 220 km 
t o  150 km on an ave rage .  TYPHl6 and 17 a r e  p l o t t e d  i n  F i g u r e s  6  
and 7. From t h e s e  f i g u r e s ,  it can  be conc luded  t h a t  t h e  
improvement i s  s i g n i f i c a n t .  
I n  t h e  24 hour  SNT f o r e c a s t ,  t h e  f o r e c a s t  o f  A i s  more 
d i f f i c u l t  t h a n  . The o r i g i n a l  mean a b s o l u t e  e r r o r  was 1.72 
degree  v e r s u s  3.74 degree.  I n  f a c t ,  t h e  e r r r o r  i n  p r e d i c t i o n  
X was n o t  improved a t  a l l  bu t  even became worse by 2 %  a s  a  
t o t a l  mean. The TYPH17 had t h e  worst  c a s e ,  about  20% d e c l i n e  
i n  e r r o r s .  The p r e d i c t i o n  of  P is  remarkable which l e a d s  t o  
a  50% v e c t o r  e r r o r  r e d u c t i o n  a s  a  t o t a l ,  implying t h e  d i s t a n c e  
e r r o r  r e d u c t i o n  from 450 km t o  2 2 0  km on an average .  The 
s i g n i f i c a n c e  of  t h i s  improvement i s  more c l e a r l y  seen  i n  
F i g u r e s  8 and 9 .  
Conclusions 
D e s p i t e  t h a t  t h e  number of typhoon c a s e s  used f o r  parameter  
o p t i m i z a t i o n  and f o r  p r e d i c t i o n s  i s  ext remely  l i m i t e d ,  t h e  
fo l lowing  can be concluded: 
1.  The Kalman f i l t e r i n g  approach t o  g e t  b e t t e r  performance 
i n  e x i s t i n g  models i s  promising. 
2 .  The magnitude of  improvement depends upon t h e  pe r fo r -  
mance o f  t h e  o r i g i n a l  model. I n  t h e  c a s e s  when t h e  
r e s i d u a l  e r r o r s  o f  t h e  o r i g i n a l  model a r e  smal l  and 
l i t t l e  c o r r e l a t e d ,  t h e  improvement by t h e  Kalman f i l t e r  
i s  l i t t l e ,  b u t  when t h e  o r i g i n a l  model 's  p r e d i c t i o n s  
a r e  i n a c c u r a t e  and e r r o r s  a r e  h i g h l y  c o r r e l a t e d ,  t h e  
improvement i s  s u b s t a n t i a l .  
3 .  Since  t h e  c a s e s  i n  which both  X and cpmodels p r e d i c t  
a c c u r a t e l y  a r e  r a r e ,  t h e  v e c t o r  e r r o r s  a r e  more o f t e n  
improved t h a n  each component e r r o r .  I n  t h e  12 hour 
f o r e c a s t  based on t h e  SFC.700 model, t h e  v e c t o r  e r r o r  
r e d u c t i o n  was roughly 30% and i n  t h e  2 4  hour f o r e c a s t ,  
based on t h e  SNT model, it was roughly 50%. 
4 .  Since  t h e  o r i g i n a l  model p r e d i c t i o n s  a r e  i n a c c u r a t e  
when a  typhoon movement i s  s t a g n a t e d  i n  a  smal l  a r e a ,  
t h e  f i l t e r e d  model can  improve t h e  p r e d i c t i o n s  sub- 
s t a n t i a l l y .  This  f a c t  i s  impor tant  and b e n e f i c i a l  t o  
t h e  p r a c t i c a l  a p p l i c a t i o n  of t h e  f i l t e r e d  model. 
5. The shaping f i l t e r  a p p l i e d  t o  t h e  measurement n o i s e  
does n o t  g i v e  s i g n i f i c a n t  improvement i n  r e s u l t s .  
m - o o o  
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Table 2 
Description of 24 hours SNT model 
v (Latitude) X (Longitude) 
Predictor Coefficient Predictor Coefficient 
Const. Const. 
Note v : 0.1 degree unit 
X : (longitude -100) in 0.1 degree (ex. 135.83 + 358). 
Z : (500mbgph - 5000) in meter (ex. 5765gpm + 765). 
Table  3 
D e g  
- 
Data ( p e r i o d )  Arrangements 
From t h e  Japan  Meteo ro log ica l  Agency 
1 .  Observed Typhoon eye  l o c a t i o n  eve ry  12 hour s  ( a t  0  and 
(whole 1974) 12 GMT). 
2. Observed s u r f a c e  p r e s s u r e  and e v e r y  12 hour s  ( a t  0  and 
700 mb gph d i s t r i b u t i o n  12 GMT) a t  381 km 
( June  -- September 1974 ) s q u a r e  g r i d  p o i n t s  o v e r  
t h e  Nor thern  Hemisphere. 
3 .  P r o g n o s t i c  250 mb and 
500 mb gph d i s t r i b u t i o n  
( June  -- September 1974) 
12 hour p r o g n o s i s  a t  0  GMT 
and 24 hour  p rognos i s  
a t  12 GMT a t  509.6 km 
s q u a r e  g r i d  p o i n t s  
o v e r  t h e  Nor thern  Hemis- 
phere .  
From t h e  US N a t i o n a l  Hur r i cane  Center  
4 .  Observed Hur r i cane  eye  l o c a t i o n  e v e r y  12 h o u r s  ( a t  0  and 
(1945 -- 1974) 12 GMT). 
5 .  Observed 500, 700 and 1000 mb eve ry  12 hour s  ( a t  0  and 
gph d i s t r i b u t i o n  12 GMT) a t  So s q u a r e  
(1945 -- 1974) g r i d  p o i n t s  on moving 
c o o r d i n a t e s .  
Note: 500 mb p r o g n o s t i c  gph was c a l c u l a t e d  through l i n e a r  
approximat ion:  
1  5  500 mb gph = c-250 mb gph + s.550 mb gph 
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F i g u r e  1 The g r i d  sys tem i s  used t o  e x p r e s s  
t h e  d i s t r i b u t i o n  o f  t h e  s u r f a c e  
p r e s s u r e s  and t e h  700 mb gph f o r  
t h e  SFC. 700 mb model. 
(The c e n t e r  o f  a  typhoon i s  l o c a t e d  
a t  p o i n t  47. G r i d  s p a c i n g  i s  5O b o t h  
i n  l a t i t u d e  and l o n g i t u d e )  . 
Figure 2 The grid system is used to express 
the distribution of 500 m b  gph 
for the SNT model. 
(The center of a typhoon is located 
at point 46. Grid spacing is 609.6Km). 
F i g u r e  3 I n t e r p o l a t i o n .  
p ( i )  i n d i c a t e s  t h e  v a l u e  a t t a c h e d  t o  t h e  g r i d  p o i n t  i f i x e d  
t o  t h e  e a r t h ,  o n e  o f  t h e  n e a r e s t  f o u r  p o i n t s  s u r r o u n d i n g  t h e  
g r i d  p o i n t  A i n  t h e  moving c o o r d i n a t e .  The v a l u e  p  a t  t h e  
p o i n t  A i s  d e t e r m i n e d  by t h e  f o r m u l a  
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